Adaptive immune responses in humans rely on somatic genetic rearrangements of Ig and T-cell receptor loci to generate diverse antigen receptors. It is unclear to what extent an individual's genetic background affects the characteristics of the antibody repertoire used in responding to vaccination or infection. We studied the B-cell repertoires and clonal expansions in response to attenuated varicellazoster vaccination in four pairs of adult identical twins and found that the global antibody repertoires of twin pair members showed high similarity in antibody heavy chain V, D, and J gene segment use, and in the length and features of the complementarity-determining region 3, a major determinant of antigen binding. These twin similarities were most pronounced in the IgM-expressing B-cell pools, but were seen to a lesser extent in IgG-expressing B cells. In addition, the degree of antibody somatic mutation accumulated in the B-cell repertoire was highly correlated within twin pair members. Twin pair members had greater numbers of shared convergent antibody sequences, including mutated sequences, suggesting similarity among memory B-cell clonal lineages. Despite these similarities in the memory repertoire, the B-cell clones used in acute responses to ZOSTAVAX vaccination were largely unique to each individual. Taken together, these results suggest that the overall Bcell repertoire is significantly shaped by the underlying germ-line genome, but that stochastic or individual-specific effects dominate the selection of clones in response to an acute antigenic stimulus.
H uman responses to infectious diseases or vaccinations rely on many different cell populations, soluble mediators, and interactions between cells. Prior studies of identical twins have highlighted aspects of human immunity that are heavily influenced by the germ-line genome, such as the proportions of particular leukocyte subsets (1) . In addition to the germ line-encoded genes that affect the responses of immune cells, mammalian immune systems also make use of somatic genetic rearrangements to produce diverse repertoires of immunoglobulins (Igs) and T-cell receptors (TCRs) for specific recognition of foreign antigens. Antibody and TCR sequences are generated through the combinatorial use of a set of predetermined gene segments in the genome, as well as by more random exonuclease digestion of the ends of the gene segments, and addition of nontemplated bases at the junctions between gene segments. Clonal expansion of the populations of cells that recognize particular pathogens provides immune system memory of prior exposures.
The germ-line genome sequence plays a role in the initial generation and selection of antibody and T-cell receptor repertoires in each individual, as demonstrated in prior work (2) (3) (4) (5) (6) . Whether such genetic effects have a prominent effect on the clonal B-cell responses to particular pathogens or vaccinations is much less clear. In adult humans, it is possible that the accumulation of the effects of responses to prior antigenic exposures in the lymphocyte memory compartments could greatly decrease the importance of an individual's germ-line genome on subsequent responses to pathogens or vaccines.
Convergent antibodies (i.e., antibodies with highly similar sequences observed in different individuals after vaccination or infection with the same agents) have been identified by deep sequencing of antibody genes in the context of Dengue virus and HIV infection and influenza vaccination and in earlier studies of polysaccharide vaccines (7) (8) (9) (10) (11) (12) (13) , providing evidence that some antigenic stimuli can provoke relatively predictable responses even in genetically diverse human populations. It is not known to what extent convergent responses are influenced by germ-line genomic variation between individuals.
We studied a cohort of four pairs of identical twin adults undergoing vaccination with live attenuated varicella-zoster virus (VZV) vaccine (ZOSTAVAX) to more fully address which aspects of human B-cell responses are most influenced by the germline genome. We found that the composition of the antibody heavy chain repertoire at baseline was highly similar in identical twins, as assessed by V (variable), D (diversity), and J (joining) segment use and complementarity-determining region 3 (CDR3) lengths. These effects were especially prominent in the IgM repertoires whereas IgG sequence pools were more divergent. Surprisingly, the levels of mutation achieved by antibodies from the antigen-experienced B cells in the repertoires of twins were also highly similar. Convergent antibody sequences were enriched in twin pairs, including mutated sequences likely derived from memory B cells. In contrast, twins showed no correlation in the Significance Human B cells secrete highly diverse antibody molecules to recognize and defend against infectious agents. Developing B cells independently rearrange their genomes to produce antibody-encoding sequences. It is uncertain to what degree genetic factors control antibody repertoires and the antibodies elicited by defined antigenic stimuli. Analysis of 134,000 antibody heavy chain sequences from genetically identical twins vaccinated with varicella-zoster vaccine indicates that twins show increased correlation in antibody gene segment usage, junctional features, and mutation rates in their antibody pools but show little similarity in clonal responses to an acute stimulus. Therefore, a shared germ-line genome sequence is correlated with overall convergence of antibody repertoires, but the particular antibody response to a given vaccination is less predictable.
magnitude of the B-cell clonal expansions to VZV vaccination. These results indicate that set points for features of both naive and memory B-cell repertoires in humans are influenced by the germline genome but that, despite this, the particular antibody response to a vaccination event is less predictable.
Results

B-Cell Clonal Expansion and Secreted Antibody Responses to
ZOSTAVAX. We vaccinated four pairs of healthy adult monozygotic twins and measured their serum antibody titers against VZV, prevaccination and 28 d after vaccination. As shown in Fig.  1A , increased anti-VZV antibodies were detected postvaccination in all participants, with a fold titer change ranging from 1.2 to 1.6. Increased numbers of plasmablast B cells were detected in the blood at day 8 postvaccination in all but one participant, A2 (Fig. 1B) .
We then carried out high-throughput DNA sequencing of immunoglobulin heavy chain (IGH) variable regions, using replicate libraries from each time point prepared from genomic DNA (gDNA) and, for two of the twin pairs, cDNA template from peripheral blood mononuclear cells (PBMCs). Libraries were sequenced with the 454 high-throughput sequencing platform. The use of replicate gDNA libraries permits measurement of B-cell clonal expansions, quantified by a "clonality score" that can be considered as the probability that two B cells selected from the sample will belong to the same clone, and is not affected by differential expression of IGH mRNA by different B cells (8, 14) . As shown in Fig. 1C , the clonality score increased on day 8 postvaccination for all but one participant and then decreased to baseline levels by day 14, consistent with detection of the clonal expansions of B cells induced by vaccination. Participant A2, whose plasmablasts did not peak on day 8, had a decreased clonality score on day 8 compared with day 0. Sequencing of cDNA-templated libraries from twin pairs C and D permitted analysis of antibody isotypes during the vaccination time course. Differential expression of IgG subtypes was observed during the vaccine response, with the proportion of IgG1 reads increasing transiently on day 8 whereas IgG2 showed a relative decrease on day 8 (SI Appendix, Fig. S1 ). These vaccine-induced B-cell responses did not show greater similarity between twin pair members compared with unrelated individuals and were a consistent feature of all vaccinated individuals. (four time points from each twin pair member) (Fig. 2) . In contrast, V and D segment use frequencies are quite distinguishable between different twin pairs, due to differences in use frequencies for many segments (SI Appendix, Fig. S2 ). The six J segments in the human IGH locus provided less discrimination between twin pairs, with three twin pairs (twins A, B, and D) sharing high correlation with each other (Fig. 2C) whereas the fourth pair (twins C) used significantly less IGHJ6 and more IGHJ4 (SI Appendix, Fig. S2 ).
The CDR3 amino acids of the antibody heavy chain are often a key determinant of antigen binding specificity and are encoded by the region spanning the junctions of the joined V, D, and J gene segments. To analyze CDR3 regions amplified from gDNA, which would include unproductive rearrangements left over from initial attempts to rearrange the IGH locus in B-cell development, we first separated productive and unproductive rearrangements, as well as productive mutated and unmutated rearrangements. These categories of rearrangement are known to differ in CDR3 length, most likely as a result of selection processes acting on the expressed antibody proteins (14, 15) . As shown in Fig. 3A , over the monitored vaccination time course, mean CDR3 length of the B-cell repertoire was relatively stable for all individuals. Twins shared a high correlation in CDR3 lengths of functional sequences in both the unmutated and mutated categories. CDR3 lengths of nonfunctional sequences were more variable, most likely as a result of the 5-to 10-fold decreased number of sequences available for analysis.
Mutation Levels in Antibody Heavy Chains Are Surprisingly Correlated in Twins. Unmutated and mutated antibody genes are characteristic, respectively, of naive and antigen-experienced B cells such as memory B cells. Memory B cells accumulate somatic mutations over the affinity maturation process. The factors that control the levels of mutation reached in the memory B-cell pool are poorly understood and are only weakly associated with factors such as age in humans (14) . We examined mutation levels in the IGHV genes of functional gDNA sequences in the twin subjects, all of whom are adults in the sixth decade of life, and observed similar distribution of IGHV-gene mutations within most twin pairs (SI Appendix, Fig. S4 ). The exception existed with twin pair B, one individual of which had unusually less mutated sequences than the other. On the other hand, both members of twin pair C had an unusually high proportion of mutated sequences. This phenomenon can also be seen in other healthy human subjects in an earlier study (14) and is now shown to be shared within twins, suggesting that it might be inherently controlled by genetic factors. The unusually low or high level of V-mutations in these individuals are not due to expansion of a few clones, as reflected in their clonality scores, which are similar to those of other individuals. Further examination of mutation levels in the mutated sequences revealed that mutation levels were tightly correlated in twin pair members (Fig. 3B ). This finding suggests that either the rate of somatic mutation in 
CDR3 Lengths and Mutation Frequency in IGH Are Under Independent
Control. The separation between different twin pairs on a plot of CDR3 length and IGHV segment mutation levels is very distinct (Fig. 3C ). When the K-means nonsupervised learning method was used to cluster the samples with a cluster number of four (K = 4), only two out of 32 total samples were not clustered as expected with their twin partners (SI Appendix, Fig. S5 ). In an individual's B-cell repertoire, there is typically a negative correlation between antibody mutation levels and CDR3 lengths (14) (15) (16) (17) . The mechanism underlying this phenomenon is not known. This relationship in antibody features within an individual was seen for all subjects in the current study. However, comparing the IGH CDR3 lengths and mutation levels between different twin pairs revealed the striking finding that these overall properties of a twin pair's B-cell repertoire seem to be independently determined. In other words, although the antibodies within a particular individual show shorter CDR3 length for more mutated antibodies, some twin pairs, such as pair D, have relatively long CDR3s in proportion to the mutation levels of their antibodies (Fig. 3C ). These observations suggest that CDR3 formation and IGH mutational storage are under separate kinds of genetically influenced control.
IgM Repertoires of Twins Are More Correlated than IgG Repertoires.
Isotype switching of activated B cells determines the effector functions that their antibodies can carry out, and some isotypes are stimulated more prominently in vaccine responses (SI Appendix, Fig. S1 ). Antibodies of different isotypes also differ in their mean CDR3 length and V-mutation levels (14) . The above within-twin correlations of CDR3 length and IGHV mutation levels could just result from twin pair member correlation in isotype ratios. We therefore evaluated the antibodies of different expressed isotypes in two twin pairs from whom RNA samples were available (twin pairs C and D). For IgM, the mean CDR3 length of functional sequences expressed by B cells observed in the blood, mutated or not, was not altered by vaccination and was highly correlated within twin pairs (Fig. 4) . IGHV mutation levels showed a similar correlation of IgM within twin pairs (SI Appendix, Fig. S6 ). In the case of IgG, changes in the CDR3 length and IGHV mutation levels at day 8 postvaccination were identified, consistent with the expected vaccine-induced plasmablast populations that typically peak in the blood 1 wk after vaccination. There were not enough sequences of other isotypes for analysis. These findings highlight differences between both the naive and mutated IgM-and IgG-expressing B-cell populations, suggesting that IgM-expressing memory B-cell repertoires are more similar in identical twins, compared with the IgG-expressing B-cell repertoires. Using only the IgM sequences to reduce confounding variables, we further investigated the mechanisms responsible for the within-twins correlation in CDR3 length, in addition to the highly correlated use of IGHV, IGHD, and IGHJ segments. The human IGHJ6 gene segment contributes an unusually long sequence to the CDR3 of IGH rearrangements where it is used. Notably, the correlation of IGH CDR3 lengths within twin pairs remains, even if we split the sequences according to the IGHJ gene segment that they use (SI Appendix, Fig. S7 ), suggesting the involvement of other factors. Examination of the ways in which the CDR3 junctions were formed in each twin pair suggests that both the degree of exonuclease digestion of segment ends and the number of randomly added nucleotides during joining (SI Appendix, Fig. S8 ) contribute to the CDR3 length similarity within twin pair members.
Increased Convergence of Antibody Sequences Within Twins. Given that twins' B-cell receptor (BCR) repertoires share similar IGHV, IGHD, and IGHJ use profiles and CDR3 length, it seemed possible that, averaged over many different antigenic exposures, greater similarity in the antigen-stimulated B-cell clones might be observed within twin pairs. To test this hypothesis, we pooled all IGH sequences from the study and looked for convergent clones (defined as sequences from different samples having identical CDR3 length and >90% identity in CDR3 amino acid sequences) in all individuals and time points. To produce a normalized measure of the number of convergent sequences found between libraries, accounting for any differences in sequencing depth, we defined a convergence index as the ratio of the number of convergent clones to the product of the clone set sizes of the two libraries. As expected (SI Appendix, Fig. S9 ), many highly similar sequences are detected in different time points from the same person, owing to the presence of clonally expanded B cells within each individual. However, the number of convergent sequences found between any sample pair from different individuals was low, regardless of their immunization and twin status. We estimated the effect of immunization and twin status on the number of convergent lineages found between each pair of individuals using a Poisson regression model. We found that the number of convergent sequence lineages was significantly increased in twins by 1.5-fold (SI Appendix, Table S2 , converted from the coefficient of 0.43 for twin status in the Poisson model). In the regression model, the influence of the immunization time point (comparing individuals at day 8) did not reach significance.
We further examined the mutation status of the convergent clones. We first calculated the average V-mutation rates of all convergent clones between any sample pair and then split these numbers to three categories depending on whether the sample pair came from unrelated individuals, from within twin pair members, or from different time points of the same individual. As summarized in Fig. 5 , convergent clones between unrelated individuals were dominated by unmutated sequences likely representing similar rearrangements in the naive B-cell repertoire, before antigenic stimulation whereas those from within the same individual were enriched with mutated sequences, as one would expect from clonally expanded memory B cells in each subject. The convergent clones shared between twin pair members seem to be a mixture of these two patterns, having major populations of both germ-line and, to a lesser degree, mutated convergent antibodies, suggesting that the latter represent similar memorycell populations elicited as a result of antigenic exposure. Therefore, although the particular B-cell clones stimulated by the single VZV vaccination event monitored in this study showed few similarities between twin pair members, it seems that the antigen-experienced mutated B-cell repertoires acquired over a lifetime of various antigenic stimuli do show greater convergence within twins.
Discussion
Examination of immune responses to ZOSTAVAX in identical twins provides a rare opportunity to evaluate the similarity of the serological and clonal B-cell responses to a known antigenic stimulus in genetically identical humans. All individuals recruited developed increased titers of anti-VZV antibodies, and seven out of eight had elevated plasmablasts at day 8 postvaccination, demonstrating detectable B-cell and serological responses to the vaccine. Clonal expansion of B cells determined by high-throughput DNA sequencing of IGH gene rearrangements similarly confirmed the vaccine responses. These serological and cellular aspects of the vaccine response were, however, variable between individuals and were unable to distinguish twins from nontwins.
In contrast, analysis of the Ig repertoire showed preferential and nonrandom use of V, D, and J gene segments in IGH rearrangements of identical twins, as suggested in earlier studies at the level of IGHV family use or in more limited sample numbers (3, 4) . Perturbation of the immune system by VZV vaccination did not have a major impact on the gene segment use by circulating B cells. In our data, the similarity of gene segment use in twin IGH repertoires was greater in unmutated than mutated productive rearrangements, suggesting that the processes governing B-cell repertoire generation are more similar in twins compared with unrelated individuals, but that the subsequent selection processes and responses to environmental exposures are less genetically controlled.
Our results indicate that CDR3 length and the extent of somatic mutation in the IGHV segments, especially in antibodies of the IgM isotype, are both highly correlated within twin pairs but seem to be independent of each other, suggesting that they are affected by different kinds of control mechanisms. The twin correlation in CDR3 length shows the combined effects of higher similarity in V, D, and J segment use, as well as greater similarity of the extent of nucleotide trimming and nontemplated nucleotide addition at the segment junctions. The activity levels of exonucleases and TdT during VDJ rearrangement could account for the greater similarity in IGH CDR3 regions of twins, but it is also possible that selection acting on B cells leaving the bone marrow could contribute to the observed CDR3 lengths in functional rearrangements in peripheral blood B cells. One of the more surprising observations in the study was the close correlation between twins in the levels of mutation detected in their IGH sequences, presumably derived from memory B cells. The mechanisms controlling the extent of accumulation of mutations in memory B cells are not fully understood in humans, but our data indicate that different individuals preferentially generate or retain different levels of mutation in their memory B-cell compartments. Differences in the B-cell memory storage features between individuals could have major clinical implications for the capacity to recognize variant strains of a virus, in which case retaining less-mutated memory clones from prior exposures to similar viruses could be an advantage. On the other hand, storage of the highest affinity, and potentially most highly mutated, B-cell clones specialized toward binding a particular viral variant could accelerate the recall response if that particular virus is encountered at a future time. However, the within-twin correlation and intertwin differences in CDR3 length and V-mutations are not as obviously manifested in B cells expressing IgG, suggesting that the properties of these B cells are less controlled by genetic background and are potentially more strongly affected by particular antigenic exposures.
Convergent (or public) CDR3s in unrelated individuals are common in the IGK and IGL light chain repertoires, due to the limited number of gene segments and the single junction encoding them (18, 19) . Low-frequency convergent IGH sequences have also been reported in patients with viral infections or recent vaccination, including responses to repetitive polysaccharide vaccine antigens (7, 8, 13, 20) . We identified increased frequencies of antibodies with convergent CDR3 sequences in the overall B-cell repertoires of twin pairs. Notably, the convergent antibody sequences identified between twin pair members included both unmutated naive sequences, as well as mutated, presumably memory B cell-derived sequences, whereas convergent sequences between unrelated individuals were predominantly unmutated. Because the great majority of the B-cell clones stimulated by ZOSTAVAX vaccination were unique to each individual, stochastic events seem to play the greatest role in determining which VZV-reactive B-cell clones happen to be stimulated by a particular vaccination event, perhaps as a result of anatomic localization of individual naive and memory B cells relative to the site of vaccine delivery. Nonetheless, when averaged over the many antigenic exposures encountered by an immune system in five decades of life, the similarities in identical twins' underlying B-cell repertoires do give rise to increased proportions of convergent IGH sequences in the mutated, antigen-experienced memory B-cell compartment.
In summary, our study with monozygotic twins vaccinated with live attenuated VZV vaccine suggests that genetic traits strongly influence some features of the B-cell repertoire, such as the IGHV, IGHD, and IGHJ gene use, as well as CDR3 length and IGHV mutation frequency. Increased numbers of convergent antibody heavy chains, including mutated sequences likely derived from memory B cells, are seen between twin pair members. Despite these overall repertoire similarities, however, the extent of the plasmablast response, the overall level of B-cell clonal expansion, and the serological response to vaccination are not well-correlated in twins, and the particular B-cell clones responding to the VZV vaccination event are, in a single vaccination episode, unique to each individual. The results highlight the relationship between the germ-line genomic locus that seems to set overall parameters for the IGH repertoire that will be generated in each individual, and the less predictable stimulation of particular B-cell clones that give rise to the immune response after a vaccination episode. We note that we cannot exclude some role for common antigenic exposures between twin pair members in the similarities of their B-cell repertoires, but the distinct responses each twin gave to the observed VZV vaccination, as well as the fact that the twins studied here were in their sixth decade of life, would suggest that shared antigen exposures are unlikely to account for our findings. In addition, the similar repertoires of naive, unmutated antibody genes shared between twins are unlikely to have been influenced by antigenic exposures. Importantly, the increased similarity of the mutated B-cell clones in identical twins' repertoires gives reason to believe that statistical analysis of the clonal B-cell responses of much larger numbers of unrelated individuals will also begin to reveal predictable patterns of responses to vaccines and infectious agents, permitting better prediction of individual immune responses and effective vaccination strategies.
Materials and Methods
Specimen Collection. Four pairs of monozygotic twins were recruited from the SRI twin registry. Demographic and recruitment details are available elsewhere (21) . Zygosity was determined by a GoldenGate genotyping assay (Illumina Inc.) to interrogate 384 SNP loci, and assays were performed by IGenix. Twins were considered identical if DNA markers were above 99%. Inclusion criteria for this study included prior history of chicken pox. Exclusion criteria included an episode of shingles within 5 y of the study or prior vaccination with ZOSTAVAX. Demographic information is supplied in SI Appendix, Table S1 . Twins were vaccinated with live attenuated ZOSTAVAX vaccine (Merck & Co. Inc.). Peripheral blood was collected on the day of vaccination (before vaccine delivery) and 8, 14, and 28 d after. Recruitment of patients, documentation of informed consent, collection of blood specimens, and experimental measurements were carried out with Institutional Review Board approval at Stanford University and SRI International.
Anti-VZV Antibody Titer Determination. Anti-VZV IgG antibody titer was determined using a VZV IgG ELISA kit (Calbiotech). Before, and 28 d after, vaccination, serum samples from individuals were collected, frozen within 1 h of drawing, and stored at−80°C. On the day of the assay, serum samples were thawed, diluted 1:21 in sample diluent, and added to ELISA plates in duplicate with positive and negative controls and the assay calibrator. After development with 3,3′,5,5′-tetramethylbenzidine (TMB) substrate, the reaction was stopped with stop solution, and plates were read at 450 nm within 15 min using an iMark Microplate Reader (Bio-Rad), with a reference filter of 655 nm. Duplicate readings were averaged to calculate antibody index and fold-change determined from day 0 to day 28.
Plasmablast Frequency Determination by Flow Cytometry. Blood samples were taken before, and 8, 14, and 28 d after, vaccination. Peripheral blood mononuclear cells (PBMCs) were extracted by Ficoll density centrifugation and immediately stained with the following directly conjugated antibodies: anti-CD3 FITC, anti-CD38 APC (Biolegend), anti-CD20 PerCP-Cy5.5 (eBioscience), anti-CD19 PE-Cy7, and anti-CD27 V500 (BD Biosciences). Samples were run on a Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo (TreeStar). Plasmablasts were identified as CD3 Genomic DNA and cDNA Template Preparation and PCR Amplification. Library preparation of the IGH variable region followed the protocol as described (14) . Briefly, gDNA and RNA were extracted from PBMCs, cDNA was synthesized with priming by random hexamers, and templates were amplified by PCR using Biomed primers (22), barcoded for sample identification. PCR was carried out in six independent replicates with the same sets of primers for gDNA and with different isotype primers separately for cDNA. Highthroughput sequencing was performed on the 454 platform using Titanium chemistry (Roche).
Sequence Preprocessing. Sequences were passed through a pipeline for sample decoding, annotation, and quality filtering (14) . Briefly, V, D, and J gene and junctions were annotated based on alignment to germ-line sequences using iHMMune-align (23, 24) , which rejected sequences with indels in the V segment. Non-IGH sequences and chimeric sequences were also removed. Substitution error rates from PCR errors and 454 sequencing are estimated to be less than 0.3% per base in data prepared with this protocol, as judged from constant region sequences. These levels are low enough that they are unlikely to influence the identification of the V, D, or J gene segments, and would very rarely cause a failure to recognize clonally related sequences in the IGH repertoires. We do not annotate the allelic variants for each V, D, and J gene segment because these are more sensitive to the error rates in current high-throughput sequencing data.
Sequence Analysis. Candidate clonally related sequences were defined as sequences having the same V and J segment and identical CDR3 amino acid sequences. Clonality expansion in each repertoire was estimated using a metric called clonality score calculated as the following: sum of N ij × N ik (j!=k) over i, j, k, divided by the sum of T j × T k (j!=k) over j, k, where N ij and N ik are the copy numbers of clone i observed in independent replicate PCR libraries j and k generated from independent aliquots of template DNA, and T j and T k are total read numbers in the corresponding replicate libraries (for more details, see ref.
14). For analyses of V, D, and J gene use, CDR3, and V-D (N1) and D-J (N2) junction features, redundant sequences belonging to the same clone were collapsed to one sequence, resulting in 69,500 gDNA sequences and 64,700 cDNA sequences. Clones without D gene assignment were removed for V, D, and J use analysis. Sufficient cDNA/RNA sequences were available only for twin pairs C and D. For V-segment mutation analysis, we used a threshold of at least 1% mutation in the V segment when referring to "mutated sequences" to ensure that we did not overinterpret sequencing errors as somatic mutations.
K-Means Clustering of Samples Based on CDR3 Length and V-Mutation. Mean CDR3 length and median V-mutation frequency of mutated gDNA sequences from each sample were centered to have a mean of zero and were scaled to have an SD of one. K-means clustering was performed with these two parameters using the "kmeans" command in the statistical package R. Within groups sum of squares of clusters was calculated to determine the appropriate number of clusters.
Convergence of Repertoire. Converging clones were searched with the criteria of having >90% identity in their CDR3 amino acid sequences with the same CDR3 length, using program CD-HIT, version 4.6 (25, 26) . Normalized convergence was defined as the number of converging clones between two samples divided by the product of their clone set sizes (total number of clones). The effect of twin-and immunization-status on convergence was estimated by Poisson regression with counts of converging clones between sample pairs against the log of product of their clone set sizes, immunization status, and twin status, including only the sample pairs from different individuals and from prevaccination or day 8 postvaccination. V-mutation extent of convergent clones was calculated as an average of all clones converged between any sample pair.
Statistical Analysis. All statistical analyses and figures were generated using R.
Sequence Data. Sequences from this study can be accessed via dbGaP with accession number phs000817.v1.p1.
